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NOTAS PRELIMINARES

A presente Dissertacao foi redigida conforme o Manual para Normatizacao
da Defesa do Trabalho Final proposto pelo Programa de Pds-Graduagdo em
Odontologia da Universidade Federal da Paraiba, adotando o formato alternativo.
Um artigo cientifico comp0de este trabalho de Dissertacédo, o qual foi redigido de
acordo com as exigéncias da revista na qual foi submetido (Frontiers in

Immunology).
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RESUMO

O vidro bioativo (BG) possui aplicacbes no campo da engenharia tecidual, como o
preenchimento para regeneracdo Ossea, estimulante da regeneracdo e
revestimento de implantes. O BG pode ser conjugado a prata (Ag), o que pode lhe
conferir propriedades antimicrobianas. Considerando que a atividade
imunomoduladora do BG associado a prata (BGAg) ndo tenha sido avaliada, o
objetivo deste trabalho foi avaliar a citotoxicidade e atividade imunomoduladora do
BG e do BGAg. Amostras pertencentes ao sistema 58SiO2-(36-
X)Ca0-6P205-xAg20, onde x = 0 ou 1 mol%, respectivamente, foram sintetizadas
pelo método sol-gel, e caracterizadas por Microscopia Eletrénica de Varredura
(SEM), Microscopia de Forca Atdmica (AFM), Analise Termogravimétrica (TGA),
Difracdo de raios X (XRD) e Espectroscopia Raman Amplificada por Superficie
(Raman-SERS). A citotoxicidade foi avaliada em mondcitos (PBMCs) e
polimorfonucleares (PMNs) humanos de sangue periférico. A caracterizacao
microscépica mostrou particulas <74 pm com aspecto irregular e superficie
porosa. As analises RAMAN-SERS confirmaram a inclusdo de prata nas
microparticulas de silica. A viabilidade dos PBMCs na presenc¢a do BG e do BGAg
mostrou-se ser dependente da dose. As amostras do BGAg apresentaram maior
toxicidade (LC50 = 0,005%) quando comparadas com as amostras do BG (LC50
= 0,106%). Os vidros bioativos néo alteraram o perfil basal de liberagcdo de
citocinas e espécies reativas de oxigénio (ROS), embora as amostras BG tenham
sido capazes de reduzir os niveis de ROS induzidos por zymozan. Portanto, as
particulas de vidro bioativo dopado com prata nao difere na morfologia ou
propriedades fisicas, apesar de que a incorporacdo dessa modificacdo ter
aumentado a citotoxicidade desse material, com potencial imunomodulador de

resposta imune inata.

Palavras-chave: Vidro bioativo 58S, Imunomodulacédo, Leucécitos
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ABSTRACT

Bioactive glasses (BG) has application in tissue engineering for bone
regeneration, coating for implants and stimulatory of wound healing. BG can be
conjugated to antimicrobial ions like silver (Ag) giving it antibacterial activity. Once
the immunomodulatory activity of bioactive glasses doped with silver was not
investigated before, the aim of this work was to evaluate the cytotoxic and
immunomodulatory effect of BG and silver-doped bioactive silica (BGAg). BG and
BGAg samples belonging to the system 58SiO2-(36-x)Ca0-6P205-xAg20, where
x = 0 and 1 mol%, respectively, were synthesized via sol-gel method, and
characterized by Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), Surface-enhanced Raman Spectroscopy (Raman-SERS), Differential
Thermal Analysis (DTA), Thermal Gravimetric Analysis (TGA) and X-ray diffraction
(XRD). Cytotoxicity, cytokine modulation and oxidative stress were performed in
human peripheral blood mononuclear cells (PBMCs) and polymorphonuclear
neutrophils (PMNs) cultures. Microscopy characterization showed particles <74
pm with irregular and porous surface. RAMAN-SERS analyses confirmed silver
inclusion within BGAg samples. PBMC viability in presence of BG or BGAg was
dose-dependent. Samples of the BGAg presented high toxicity (LC50 = 0.005%)
relative to BG (LC50 = 0.106%) against PBMCs. The glasses did not changed
cytokines and Reactive oxygen species (ROS) basal secretion profiles. Therefore,
BG samples decrease ROS’s levels when coincubated with positive control.
Overall, Ag-modified glass particles had impact on the morphology or physical

properties, although ion incorporation has increased its cytotoxicity.

Keywords: bioactive glass 58S, Immunomodulation, Leukocytes
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LISTA DE ABREVIATURAS E SIGLAS

AFM - Atomic force microscopy

Ag" - lonic silver

BG-Bioactive Glass

BGAg - Silver doped bioactive glass
ClI - Confidence interval
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DTA - Differential thermal analysis
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SEM - Scanning electron microscope
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SEM - Scanning Electron Microscopy
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TEP - Triethyl phosphate
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TGFB1 - Transforming growth factor beta 1
TNF-a - Tumor necrosis fator alfa
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1. INTRODUCAO

O vidro bioativo (Bioactive Glass - BG), descrito inicialmente por Hench, é
composto principalmente por didéxido de silicio (SiO2), 6xido de calcio (CaO),
pentdxido de fosforo (P20s) e éxido de sddio (Naz20) [1]. A sua estrutura consiste
em uma rede de SiOz, tendo o P20s como coadjuvante e o CaO e o Na20O como
modificadores [2]. O BG tem como principal método de producdo o
processamento Sol-Gel que consiste na hidrolise do tetraetilortosilicato, Si(OCzHs)
em meio acido, produzindo SiO2 na forma semelhante ao vidro [3]. A bioatividade
desse material concedeu sua aplicacdo no campo da regeneracao e engenharia
tecidual [2,4].

Dentre as aplicacdes bem estabelecidas do BG na odontologia, pode-se citar o
uso como: enxertos para preenchimento de espacos corpéreos [5], revestimento
para implantes 6sseos [6,7] arcabouco para reparo tecidual, com arranjo poroso
semelhante ao trabeculado 6sseo [4].

Materiais bioativos, como o BG, podem desenvolver no osso ligagdes
quimicas capazes de permitir a integracdo do biomaterial a area receptora [6].
Pesquisas apontam para propriedades bioldégicas também em tecidos moles.
Ostomel et al. [8] observaram uma diminui¢éo do tempo de coagulacao sanguinea
induzida por microesferas porosas de BG. Esse material também pode ter
atividade na angiogénese, 0 que € importante para a cicatrizacéo de feridas [9]. A
inducao do reparo tecidual pelo BG 58S (SGBG-58S), BG em escala nanométrica
(NBG-58S) e do derivado do BG 45S5 pode ser constatada no estudo de Lim et
al. [10], em que feridas em ratos tratadas com esse material tiveram o tempo de

cicatrizacdo reduzido quando comparado ao grupo sem tratamento.

Diante disso, os BGs vivenciaram eras de desenvolvimento bem definidas
desde sua descoberta: a era das aplicacdes clinicas e a era da regeneracao
tecidual. Atualmente, os BGs experimentam sua era de inovagdes que inclui a
associacdo com materiais inorganicos para aplicacbes além da regeneracao
0ssea [11]. O BG pode ser conjugado a prata (Ag), conferindo-lhe propriedades
antimicrobianas, como mostrou o estudo de Day et al. [12] que, utilizando esferas

de silica porosas produzidas em passo unico com brometo de cetiltrimetilaménio e



conjugadas ao Ca(NOs)2 e ao AgNOs, observaram efeito antimicrobiano sobre E.
coli e S. aureus. Os ensaios de Zhu et al. [13] constataram que o BG poroso 58S
(SM58S), preparado a partir da modificacédo superficial do BG poroso 58S (M58S)
pelo silano KH-550 e carregado com Ag?*, também tiveram significante atividade
antibacteriana contra E. coli e S. aureus. No entanto, o0 mesmo efeito ndo foi
observado pelo BG com auséncia de prata. Outro estudo [25] observou acéo
inibitéria de nanoparticulas de vidro bioativo dopadas com prata contra P.
aeruginosa e C. albicans. Tais propriedades podem minimizar complicacbes em

cirurgias de enxertos, como, por exemplo, infecgdes.

O mecanismo pelo qual o ion prata exerce a sua toxicidade contra células de
mamiferos ndo é bem esclarecido, mas sabe-se que em bactérias, sua atividade
antimicrobiana pode estar relacionada com a ligacdo ao DNA, a interacdo com
componentes celulares e a interferéncia com o transporte de elétrons, pois reage
com carboxilato de proteinas, hidroxilas e ti6is [14,15]. A acdo de ions Ag?* deriva
da sua ligacdo com proteinas microbianas carregadas negativamente impedindo a
sua replicagéo.

Com a finalidade de mensurar a viabilidade celular, Labbaf et al. [16]
encubaram particulas esféricas de vidro bioativo (85mol% SiO2 e 15mol%CaO)
com didametro médio de 250nm pela técnica Sol-Gel em culturas de células
mesenquimais humanas (hMSCs). A viabilidade celular ndo foi influenciada no
periodo de 1 a 4 dias apos a incubacdo e ndo observaram danos ao DNA. As
concentracbes de 150 e 200 mg/ml, contudo, reduziram significativamente a

atividade metabolica das hMSCs apdés 7 dias de cultivo.

O 45S5 Bioglass® em pequenas concentracdes (0,01% wt/vol) provou
aumentar a proliferacédo de fibroblastos de linhagem 208F em um periodo de 24h.
Resultados antagbnicos ocorreram quando altas concentracdes desse BG foram
incubadas com as culturas por até 72h. A secrecdo do fator de crescimento
vascular endotelial (VEGF) foi constatada nas culturas de fibroblastos, exceto
naquelas expostas a altas concentragcdes do BG (0,1-10%), indicando uma
relacdo dependente da dose. Utilizando o mesmo BG em arcaboucos de

poli(acido glicdlico) observou-se, apo6s implantagdo subcutanea em ratos, boa



tolerancia e neovasculariza¢do no interior do BG em um periodo de 28 e 42 dias
[17].

Ainda em relacdo a mensuracdo do VEGF, Detsch et al. [18] observaram que
fibroblastos humanos da linhagem CD-18CO quando em contato com o BG
S53P4 (53% SiOz2, 23% Na20, 20% CaO, 4% P20s) com diferentes tamanhos de
particulas (0,5-0,8mm, 1,0-2,0mm, e 2,0-3,15mm) e em diferentes concentracdes
(0-1%), durante 72h, ndo revelaram citotoxicidade significativa. A secrecao do
VEGF mostrou-se ser dependente do tamanho da particula: particulas entre 0,5-
0,8 mm e 1,0-2,0 mm estimularam esse fator, ja as particulas entre 2,0-3,15 mm

causaram inibigéo.

Day and Boccaccini [19] incubaram culturas de macréfagos derivados de
mondcitos coletados de sangue humano periférico com BGs e observaram que
concentracbes acima de 0,01% causaram diminuicdo da viabilidade celular. Os
autores concluiram que os BGs estudados ndo tém atividade imunomoduladora
do TNF-aq, IL-6 e IL-10, mas sdo capazes de controlar a secrecdo de TNF-a em
resposta ao estimulo do LPS. O autor também concluiu que composi¢cdes

quimicas diferentes influenciam a modulacéo da resposta inflamatéria.

Apesar do grande potencial de bioatividade dos BGs em diversas areas da
medicina regenerativa [4-8,13,20], ha duvidas acerca da exposi¢cdo dos BGs a
longo prazo aos tecidos vivos, podendo perpetuar reacdes adversas nos tecidos
circundantes a implantacdo. A citotoxicidade desse material também € pouco
explorada, podendo variar com a composi¢cdo quimica do BG, em especial

guando héa presenca de prata, ja que esse metal possui alta citotoxicidade [12].

Estudos in vitro tém larga utilizacdo para determinacdo da citotoxicidade
aguda e imunomodulacdo causadas por biomateriais. Dentre os tipos celulares
utilizados, os PBMCs tém uso recorrente. PBMCs consistem principalmente em
linfécitos e mondcitos, 0s quais representam as mais importantes populacdes de
células do sistema imunolégico. No sangue, leucdcitos representam uma linha
celular de defesa habil em liberar varios mediadores inflamatérios apds sua

ativacao [21].



Respostas imunes mediadas por células sdo criticas para inducédo de efeitos
indesejados como reacbes de hipersensibilidade, inflamacdo crbénica e
imunoestimulacéo e a avaliagdo do perfil de liberacdo de citocinas € considerada
um dos mais importantes indicadores de avaliacdo dessas respostas deletérias.
Os mediadores liberados por células do sistema imunologico também regulam o
metabolismo 6sseo, podendo gerar reabsorcdo 6ssea em torno do implante,
levando a rejeicdo do mesmo [22]. A degradacdo de biomateriais por fagocitose
esta relacionada a macrofagos residentes teciduais, bem como seus precursores
0s mondcitos que sdo uma populagéo constituinte dos PBMCs [24]. Dessa forma,
estudos da interface tecido-implante tém demonstrado associagdo entre
macrofagos e areas de reabsorcao 6ssea [22]. Portanto, para os testes iniciais de
biocompatibilidade dos BGs optou-se por utilizar os PBMCs como células teste,
uma vez em que eles representam a primeira linha de defesa contra qualquer tipo

de implante no corpo humano [23].

As potenciais rea¢fes imunologicas moduladas por BG sao pouco elucidadas
pela literatura, cabendo investigacdes aprofundadas. Principalmente, devido a
larga variagdo da composicdo quimica do biomaterial que, assim como a
biocompatibilidade, pode influenciar na resposta imunoldgica [19]. Desta forma,
este trabalho tem o objetivo produzir, caracterizar e avaliar a viabilidade celular e
o potencial imunomodulador de vidros bioativos dopados com prata em leucocitos

humanos.



2. CAPITULO 1

O manuscrito a seguir foi submetido para publicacdo no periddico Frontiers in
Immunology e encontra-se em analise.

Ex vivo assessment on immunomodulatory effects of bioactive glasses

microparticles doped with silver in human leukocytes
ABSTRACT

Bioactive glasses (BG) has application in tissue engineering for bone
regeneration, coating for implants and stimulatory of wound healing. BG can be
conjugated to antimicrobial ions like silver (Ag*) giving it antibacterial activity. Once
the immunomodulatory activity of bioactive glasses doped with silver was not
investigated before, the aim of this work was to evaluate the cytotoxic and
immunomodulatory effect of BG and silver-doped bioactive silica (BGAg). BG and
BGAg samples belonging to the system 58SiO2-(36-x)Ca0-6P205-xAg20, where
x = 0 and 1 mol%, respectively, were synthesized via sol-gel method, and
characterized by Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), Surface-enhanced Raman Spectroscopy (Raman-SERS), Differential
Thermal Analysis (DTA), Thermal Gravimetric Analysis GA) and X-ray diffraction
(XRD). Cytotoxicity, cytokine modulation and oxidative stress were performed in
human peripheral blood mononuclear cells (PBMCs) and polymorphonuclear
neutrophils (PMNSs) cultures. SEM and AFM images showed particles <74 um with
irregular and porous surface. RAMAN-SERS analyses confirmed silver inclusion
within BGAg samples. PBMC viability in presence of BG or BGAg was dose-
dependent. Samples of the BGAg presented high toxicity (LC50 = 0.005%) relative
to BG (LC50 = 0.106%) against PBMCs. The glasses did not changed cytokines
and Reactive oxygen species (ROS) secretion profiles. BG samples decrease
ROS'’s levels when coincubated with positive control. Overall, Ag-modified glass
particles had impact on the morphology or physical properties, although ion

incorporation has increased its cytotoxicity.

Keywords: bioactive glass 58S, Immunomodulation, Leukocytes



INTRODUCTION

Bioactive glass (BG) consists of a SiO2 network, having P20s as an adjuvant and
CaO and Na20 as modifiers [1,2]. The bioactivity of this material allows its
application in the field of regeneration and tissue engineering [3]. It can be used in
a wide range of applications, such as bioactive fillers in the bone regeneration field
[4], coating for implants, dental grafting [5,6] and as scaffold for tissue repair, with
porous arrangements similar to trabecular bone [3,7]. BG is most used as hard
tissue replacement material, although some studies show remarkable properties in
soft tissues repair, as observed in decreased blood coagulation time, angiogenesis

and reduced wound healing time [8].

BGs are expericing innovations such association with inorganic materials such as
ions for non-bone therapeutic applications [9]. Silver doped glasses showed
antibacterial and antifungal effect against Escherichia coli, Staphylococcus aureus
[10,11], P. aeruginosa and Candida albicans [12] in comparison to neat BG. Such
proprieties may minimize complications on bone surgery like bacterial infection by
topical drug delivering in a controlled and continuous manner [13]. Although, silver
loading may increase hypersensitivity, chronic inflammation and

immunostimulation due materials exposure [14].

The potential immunomodulatory activity of bioactve glasses has tested before
[7,15]. The results indicates differences of immune response modulation
dependes of composition or particular system from which the bioactive glasses are
selected. Some samples indicate potential ability to inhibit the secretion of
inflammatory cytokines in the presence of an inflammatory stimulus [15]. However,
the imunomodulatory activity of bioactive glasses doped with silver has not been
investigated before. There are few studies on the toxicology of Ag?* on normal
primary cells of the human immune system on literature. The complete
understanding of the specific interactions and dynamic responses of the immune
system to different materials is still inconclusive, especially for health applications
or safety recommendations [16]. Therefore, the aim of this work was to evaluate
the cytotoxic and immunomodulatory effect of BG and silver-doped bioactive silica

over human leukocytes.



EXPERIMENTAL

BG synthesis. Samples belonging to the system 58SiO2-(36-x)Ca0-6P20s-x Ag20
with x = 0 or 1 mol% (Neat BG, BGAgQ) were prepared by sol—-gel method (Figure
1). Briefly, hydrolysis and condensation of tetraethyl orthosilicate (TEOS), calcium
nitrate tetrahydrate (Ca(NOs)2- 4H20), triethyl phosphate (TEP; Sigma Aldrich) and
silver nitrate (AgNOs; PlatLab) were used to obtain the gels. The molar ratio of
EtOH: TEOS was of 1:1. The other precursors were dissolved in distilled water.
The pH of solutions was adjusted to 2 by addition of HNOs. The obtained gels
were dried for 3 days at room temperature and 2 days in a drying oven, at 120° C.
The Neat BG was dried gels were heat treated up to 700 °C for 1/2h, at a constant
rate of 3°C min-![19]. Herein, the glasses were passed through a 200-mesh British

Standard Sieve (final particles diameter smaller than 74um) .
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Evaporation
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2 days in a drying
oven, at 120° C

BGAg microparticles

Figure 1. Schematic representation of the sol-gel method for preparation of silver-doped

bioglass micropatrticles.
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Scanning Electron Microscopy (SEM). The morphology of the BG was observed
in a Zeiss Quanta 450 (FEITM, FEI Company). 10 pl of 2 mg/ml samples in
ethanol were fixed on aluminum stubs and their surfaces covered with gold using a

K550X Emitech sputter coater.

Atomic Force Microscopy (AFM). AFM analyses were obtained in a Shimadzu
SPM9600 microscopy. One uL of 2 mg/ml in ethanol samples was pipetted onto a
mica cover slip, and after 20 minutes imaging was recorded at room temperature
(25°C) with the following roughness parameters: average roughness (Ra), root
mean square roughness (Rq), maximum profile peak height (Rp), maximum profile
valley depth (Rv), and ten-points mean height roughness (Rz).

The X-Ray Diffraction (XRD). spectra was recorded with a Shimadzu XRD-6000
diffractometer, using Cu Ka radiation (A = 1.5418 A), with Ni-filter. Specimens were
aligned perpendicular to the incident beam and the analysis parameters were step
size 0.01° and a diffraction range of 10-90°. The diffractograms were recorded

after samples being annealed at 700 °C.

Surface-enhanced Raman Spectroscopy (RAMAN-SERS). For RAMAN-SERS,
was employed a QE65000 Spectrometer (Ocean Optics) with a diode laser at
785nm. Analyses were performed at room temperature (25°C) and the Raman
spectrum was collected with Ocean Optics data acquisition SpectraSuite

spectroscopy software.

Differential Thermal Analysis (DTA) and Thermal Gravimetric Analysis (TGA).
Thermal measurements were performed on Shimadzu analyzer DTG-60H, in
nitrogen atmosphere, from room temperature to 800 °C, using alumina crucibles,

with heating rate of 10 °C/min.

Samples

Materials and methods was structured following the Minimal Information About T
cell Assay [17].

Volunteers. This study was approved by local ethics committee. Each of three
healthy volunteers signed a written consent to participate according to the Helsinki

Declaration of ethical guidelines.



The healthy volunteers were seronegative for HIV and HCV, vaccinated against
HBV, had no signs or symptoms of acute infections at the time of blood sampling
and PBMC isolation.

Peripheral Blood Mononuclear Cells (PBMC) and Polymorphonuclear
neutrophil (PMN) isolation and stimulation. Heparinized whole blood was
collected by venipuncture and processed by Histopaque® 1077 and 1119 (Sigma-
Aldrich, St. Louis, USA) [18]. The PBMCs and PMNs were washed three times
with phosphate buffer and counted using Trypan blue (Sigma-Aldrich, St. Louis,
USA) exclusion method in Neubauer chamber with viability 295 %. Cells
preparations contained >99% granulocytes as determined by morphological
examination of Giemsa-stained cytocentrifuged slides (Shandon, Pittsburgh, PA,
USA). Cells were resuspended in equal aliquots of 2x10® PBMC/ml and 10°
PMN/ml in RPMI 1640 medium (Gibco, Life Technologies, UK) supplemented with
10% heat-inactivated fetal bovine serum, 1% PenStrep and 20mM HEPES. All

procedures were conducted at room temperature.

Assay and data acquisition

PBMCs viability assay. 100 yl of PBMC’s suspension were stimulated with 5
png/ml of phytohemagglutinin  (PHA-P; Sigma-Aldrich, St. Louis, USA) and
incubated 1:1 with BG (range 1-0.0075% wit/vl) or BGAg (range 1-0,0002% wt/vl)
in culture medium in 96 black polystyrene wells flat bottom microplates (Greiner
Bio-One, USA) for 24 hours at 37°C in a humidified atmosphere at 5% COa.

Cell viability was measured using alamarBlue® according to kit protocol (Bio-Rad,

Hercules, EUA). Fluorescence was measured at GloMax®-Multi Microplate Reader

(Promega, Madison, USA) and percentage of viability was calculated as follows:
Cytotoxicity (%)= [(FI 590 of treated samples/FI 590 of untreated cells)(100)]
Where: FI 590 = Fluorescent Intensity at 590 nm emission (560 nm excitation)

The lethal concentration 50 (LC50) was determined by semi-log graph plotted with

percent of untreated control for each BG and BGAg suspensions.

PMNs viability assay. Cell death was assayed by the LIVE/DEAD™
viability/cytotoxicity kit (Thermo Fisher, Rockford, IL, USA) according to kit



instructions. Briefly, 105 PMNs were incubated with BG and BGAg samples for 4
hours at 37°C in a humidified atmosphere at 5% CO2. Cells were incubated with
80% methanol for death control. 20 min after staining with 1uM calcein and
ethidium homodimer, fluorescence visualization was performed using
epifluorescent microscope EVOS FL cell imaging system (Life Technologies,
Eugene, OR, USA) equipped with a 40x objective, GFP and RFP filter cubes.
Quantification of live and dead cells were analyzed in 3 aleatory fields using
ImageJ (National Institutes of Health, Bethesda, MD) software according to

recommendations [19].

Luminol Enhanced Chemiluminescence Assay. Production of intra and
extracellular ROS was analyzed by luminol enhanced chemiluminescence. Briefly,
the PMN suspention (2x10° cells/ml) were incubated for 45 min at 37 °C and 5%
CO2 with the BG and BGAg samples in white polystyrene 96-wells flat bottom
(Greiner Bio-One, USA). Serum-opsonized zymosan (13 mg/ml; Sigma-Aldrich, St.
Louis, USA) or medium alone were the positive and negative control, respectively.
After incubation, 10 M luminol (Sigma-Aldrich, St. Louis, USA) was added and
chemiluminescence was measured at 2-minute intervals with a luminometer
GloMax®-Multi Microplate Reader (Promega, Madison, USA) for a period of 1h at
37°C. Chemiluminescence was expressed as relative light units (RLU) and the

area under the curve (AUC) was determined for each stimulus.

Quantification of cytokines release. PBMCs (108 cells/ml) were cultured for 24
hours at 48-well plates with the larger subtoxic concentration of BG and BGAg at
37°C in 5% CO2. PBMCs cultures (with or without 5 pg/ml PHA stimulation)
supernatants were analyzed for IL-1p, TNF-a, IL-4, IL-6 and IL-10 by sandwich
ELISA assay using OptEIA Kit (Becton Dickinson, Franklin Lakes, New Jersey,
USA) according to kit protocol.

Statistical Analysis. Significant differences on cell viability, cytokine production
and ROS release between the groups were determined by Kruskal Wallis test with
Dunn’s post hoc (a=0.05) using the software Statistical Package for the Social
Sciences version (SPSS) version 2.1 (IBM Corp, New York, EUA).
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RESULTS AND DISCUSSION
Characterization of BG

SEM and AFM topographical analyses. The SEM analysis showed irregular and
porous surface for all samples (Figure 2). Ethanol evaporation as well as nitrate
decomposition during the stabilization process that was carried out to convert the

dry gel into glass, can explain the porous nature of BG.

det [mag 0| WD v — LT
ETD| 5000 x | 8.1 mm |20.00 k\ label S5 20.00 k\ label

Figure 2. SEM Micrograph of Neat BG (A) and BGAg (B) with 5.000x magnification.

AFM imaging presented in Figure 3 shows the surface roughness analyses (Ra,
Rz, Rq, Rp, Rv) of bioglasses. The BG presented a greater roughness surface Rq
(Root-mean-square roughness) and Ra (Arithmetic mean roughness) in contrast to
BGAg particles. The non-uniform spykes indicate ellipsoidal-like structures. The
relative minor roughness of BGAgQ particles, indicating reduced size, may be
explained by the greater density and strength of BGAg due to the Ag distribution,
leaving the surface more homogeneous when the solution evaporates and allows

the organization of particles on the mica cover slip.
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BG | BGAg
Ra 1.21 | 0.70
Rz | 14.89 | 11.29
Rq 210 | 1.15
Rp | 1257 | 8.71
Rv 232 | 258

Rz = Rp+Rv
Area = 1.25 um?

Figure 3. AFM imaging of BG (A) and BGAg (B) particles. Values of roughness
expressed as mean.

Taken together, the topographical analyses evidence textural properties correlated

with in vitro increase of hydroxyapatite layer deposition. Such surface may

promote intimate contact with the living tissue with niches for cell proliferation [13].

Thermal analysis. DTA and TGA curves for samples Neat BG and BGAg are
shown in Figure 4.
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Figure 4. DTA and TGA curves for samples Neat BG (A) and BGAg (B).

For all samples, the first weight loss appeared at the temperature interval between
65°C - 95°C. It is an endothermic peak associated with the elimination of residual
alcohol and physisorbed water from the polycondensation reaction that was not
removed during drying. The second peak is exothermic, with an onset around
237°C, for all samples, associated with the desorption of chemically adsorbed
water or to the removal of organic residues. For the silver-doped samples, an
endotermic peak appears around 497°C is attributed to silver oxide decomposition
and possibly metalic silver crystals formation. For all samples, a weight loss
located around 534°C could be assigned to the decomposition of the unreacted
Ca(NOs)2 [20,21] . Taking into account these results, the temperature of 700°C
was chosen for the stabilization of all glass powders, since all residues could be

removed at temperatures lower than 700°C.

XRD. The XRD results of BG and BGAg samples exhibited mainly amorphous
characteristics corresponding to bioactive glass formation (Figure 5). All samples
showed incipient crystallization of a tricalcium phosphate (TCP) phase identified
as Cas(P0Oa4)2:2H20 centered at 26=32°. This result suggests that the incorporation
of silver into the investigated BG samples did not compromise its characteristics

that promotes bioactivity [20].
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Figure 5. XRD patterns of the 58Si0,:(36-x)Ca0-4P,0s-x Ag-0 samples.

RAMAN-SERS spectra. The identification and quantification of chemical species

by Raman spectroscopy based on vibrational

modes were performed to

characterize the Ag-doped silica material. Comparing BG and BGAg spectra

profile (Figure 6), is perceptible an enhanced Raman signals (red line) of adsorbed

molecules. This signal intensification by several orders of magnitude is especially

due to the adsorbed species in metal surfaces, a phenomenon named SERS
(Surface-Enhanced Raman Scattering) [22,23]. Therefore, the RAMAN-SERS

confirmed the Ag signal amplification on silica groups of BGAg samples.
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Figure 6. RAMAN-SERS spectra of BG and BGAg samples.
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The peak at 1050 cm-! is assigned to the stretching vibration bands associated
with Si-O-Si bond in silica tetrahedral form with the different number of non-
bridging oxygen (NBO) involving two dimensional structure of Si2Os%". Generally,
vibrations of silica networks are observed between 400 cm™ and 1300 cm™. A
peak observed in the region between 1000 cm™ and 1260 cm™ is attributed to the
asymmetric vibration of the Si—O-Si bridging sequence. Raman shifts are more
sensitive to the composition changes and the addition of alkali metal ions to the
silica network, and peak shifting and intensity variations are usually noticed
because of the increase or decrease of the local symmetry of the silica network.
The BGAg did not present the expected spectra probably due to the aggregation
of metal ions, with uneven distribution when mixed to silica. The lack of uniformity
may have reduced the surface area distribution of Ag and compromised proper
vibrational profile of the bioglass, without RAMAN-SERS signal [22,23].

Cell viability in presence of BG and BGAg. Cell viability of PBMC was accessed
after 24h incubation with BG and BGAg by determining the metabolic capacity of
cells to reduce the indicator dye resazurin to fluorescent resorufin. A dose-
dependent reduction in cell viability was observed in both samples of BG. The cell
viability decreased to values less than 50% of control cells at the highest treatment
concentration of 0.125 and 0.0075% for BG and BGAg, respectively. Calculated
LC50 values were 0.106% for BG and 0.005% for BGAg.
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Figure 7. Effect BG (A) and BGAg (B) on PBMC viability. Cell viability after treatment
with increasing concentrations BG and BGAg, expressed as percentage of baseline.
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Results shown as median with 95% CI of an experiment performed in triplicate of each
volunteer (*P<0.05 compared to growth control).

Over the range of BG concentrations, BG 0.031% was the highest suspension that
did not significantly compromised PBMC viability in comparison with growth
control. This result is superior than the subtoxic concentration of 0.01% observed

in previously work [15].

In addition, there were remarkable differences in cytotoxicity of the Bg and BGAg
against PBMCs: the BGAg non-toxic concentration was 0.0008%. Such
cytotoxicity might be associated with free Ag2* released in culture medium. Earlier
study demonstrated Ag?* cytotoxicity against PBMCs depends on the dose and

incubation period [14].

BG and BGAg subtoxics doses in PBMCs populations did not influence the PMN
viability according to LIVE/DEAD test. Fluorescence images of PMN cultures
stained with ethidium homodimer (damaged cell marker) did not show quantitative
differences between samples wells and growth control wells (Figure 8).

Bright Field

BG 0.031%

BG 0.015%

BG 0.007%
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Figure 8. PMN viability in presence of BG (A-L) and BGAg (M-Z). Demonstrative
images of Live/Dead™ assay captured by 40x objective (1). The bright field shows cell
morphology, GFP shows live cells green stained by calcein, and RFP shows dead cells
stained by ethidium homodimer. For growth and death controls, cells were incubated with,
respectively, only medium and 80% methanol. (2) Percentage of viable PMNs counted on
three aleatory fields. PMNs incubated with different concentrations of BG and BGAg have
similar number of viable cells compared to growth control. Results expressed as median
with 95% CI. (*P<0.05 compared to growth control).
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Silver can induce inflammation, cell activation oxidative stress, ROS production,
protein inactivation, inhibition of respiratory chain dehydrogenase, alteration of
ionic channels, misbalance of cations/anions metabolism, organelle and DNA
damage [16,24,25]. The Ag* can form complexes with biomolecules causing
protein dysfunction and loss of enzyme activity (inactivation, loss of tertiary
structure, replacement of cofactors, exchange of structural metals, breakage of
disulfide bonds, among others), impaired membrane function caused by the loss of
membrane potential and mechanical damage, or interference with nutrient uptake
[24]. Taken together, these events lead to cell wall breakdown and cytolysis [25].
Although undesirable effects, silver confers antibacterial properties to materials:
dissolution products of silver-doped bioactive glasses inhibited S. aureus and E.
coli growth [10,11].

Oxidative stress. Both samples of BG and BGAg alone were unable to induce
intra and extracellular ROS production above baseline parameters (Figure 9).
However, the high dilution of neat BG decreased ROS detection when
coincubated with opsonised zymosan. This compound activates an oxidative burst
by binding itself to complement receptors, leading transduction signal to protein
kinase C activation and consequent activation of NADPH-oxidase, the key enzyme
of oxidative burst [26]. It suggests that BG dissolution products may interfere at
zymosan-receptor complex or have the ability to scavenge free radicals and

superoxides.
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Figure 9. ROS production in PMNs. (A) Chemiluminescent array curves showing similar
RLU detection between BG and BGAg samples with negative control (medium only). BG
samples decreased ROS production while coincubated with zimosan (positive control).
Each bar represents the median of triplacate readings of each ex vivo PMN culture (n=3)
at the peak of respiratory burst. (B) AUC values plotted for each stimulus. The sample BG
0.031% reduced significantly ROS production in comparison with only zimosan stimulus.
Values expressed as median with CI. (*P<0.05 compared to positive control).

Cytokine modulation. Quantification of TNF-a, IL-1p3, IL-6, IL-4, and IL-10 at 24h
PBMC'’s culture supernatant performed by sandwich ELISA shown no significant
differences between the treatments with three subtoxic BG and BGAg
suspensions and baseline control . At some sample concentrations, TNF-a, IL-13
and IL-10 release was lower than detection limits of the method. These results
suggest that bioactive glasses particles even with doped silver do not disturb the

basal cytokine levels or acts as synergistic with PHA in PBMC cultures.

The presence of PHA upregulated TNF-a, IL-1B, IL-6, and IL-10 secretion in
contrast with basal. Although, no significant cytokine release by bioactive glass
particles with PHA exposure was observed in comparison to PHA treatment alone.
Consequently, glasses were inept to modulate the related cytokines release at

mimetic inflammatory environment neither.

19



80+ 25- )
Hl Without PHA HEl Without PHA
l With PHA 20+ R With PHA

A EFFYEE - LU

o\ oo o\ o\ o\
S T

TNF-a [pg/ml]
8
IL-<1B [pg/ml]
@

»

N

" O

Q27 o7 o7 O ¥ O &F i .

P 2 <P 0 o oo P R o o oo
F oF oS <Y oS

1000+ ) 150+ .
Il Without PHA Il Without PHA
800 With PHA With PHA

-

[=}

o
1

600

IL-4 [pg/ml]

400+

200+
oJLLl——l,——l—i—*—,—f
&Q&QQ,\W’ 'f;\°°n’,3\° Q‘.f:\°°°€3\° qu\°
O Y o F P
P P R o o o
> X P

IL-6 [pg/ml]

E

2001
Hl Without PHA

_— ‘ With PHA

100+

IL-10 [pg/ml]

4
o

X - I
o...‘.‘.".'...
oo o\ o o oo o\
8“’&06\ FHSHFS S
Q¥ 97 7 o7 O ¥V O
LR AR )
P X P

Figure 10. Cytokine release by PBMC cultures incubated with BG and BGAg.
Titration of TNF-a (A), IL-18 (B), IL-6 (C), IL-4 (D) and IL-10 (E) released at 24 hours
culture supernatant of PBMC'’s cultured with or without 5 pg/ml PHA. There were no
significant differences on cytokine’s production between BG and BGAg and only medium
stimulus. Moreover, bioactive glasses were unable to reduce cytokine levels with PHA
coincubation. Data were presented as the median £95% CI of triplicates of each volunteer
(n=3).

Immunomodulatory effects of bioactive glasses were investigated by previous
studies. Particles belonging to system 60S did not change significantly IL-4
secretion profile by PBMCs [27]. Other study found that 45S5 glass do not
interfere at IL-6, IL-10, and TNF-a secretion by non-stimulated macrophages and

monocytes cultures falling in agreement with current results [7]. The same study
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observed decrease of TNF-a production when the cells were coincubated with
LPS. However, 45S5 powders upregulated TNF-a secretion by peritoneal
macrophages [28]. Beyond cell population variances, differences on cytokine
modulation may be explained by different factors that leads immune response by
biomaterials, including composition, size, surface chemistry, plasma protein

binding, and exposure route [29].

In some therapies against cancer, arthritis and allergies, immunomodulation is
highly desirable. However, immunosuppression or immunostimulation of
biomaterials are seen as adverse effects in most of treatments. Thus, the
interaction of biomaterials with the immune system is key for the safe medicinal
uses. A recent work questioned the current capacity to examine the real function
of biomaterials within both innate and adaptive immune responses, mainly
concerning to B cell and T cell responses [30]. Although acute and long-term
immune toxicities have been developed, studies of treatment and prediction of
immunomodulation are scarce [29,30]. Such studies contribute to approach

materials science and biomedical engineering application [31].

Conclusions. Silver doped bioactive glasses were successfully prepared using
sol-gel method. Topographical analysis revealed highly porous and irregular glass
microparticles. The presence of silver increased the glass cytotoxicity against
human PBMCs. The BG and BGAg subtoxic concentrations did not play a role at
TNF-a, IL-1B, IL-6, IL-4 and IL-10 modulation. Both BG and BGAg were unable to
induce ROS production, while neat BG decreased ROS production when
coincubated with serum-opsonised zymosan, suggesting a potential scavenger
activity. Further studies of silver dissolution in the used medium and the
development of mechanisms for ion release control according to desirable dose
are necessary. In this study, we propose simple assays for acute cytotoxicity and
cytokine modulation as initial screening for futures trials involving BG or BGAg

samples.

Currently, the immune response modulation is considered relevant in regenerative
therapies. Biomaterials can modify the adaptive immunity (cell phenotype and
cytokine release) to induce tissue repair after tissue injury [32]. The results of

present study do not demonstrate an anti-inflammatory/regulatory cytokine profile
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induced by BG or BGAg suspensions. Conversely, pro-inflammatory cytokines
released were not promoted by glasses suspensions, even with doped silver.
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3. CONSIDERACOES GERAIS

A primeira etapa deste trabalho consistiu na sintese das amostras de vidro
bioativo e vidro bioativo dopado com Ag?* pelo método sol-gel, seguido pela
caracterizacdo do material pelas técnicas: microscopia eletrbnica de varredura,
andlise térmica diferencial, anlise termal gravimétrica, difracdo de raio-x,

espectroscopia Raman amplificada por superficie e microscopia de forca atémica.

A citotoxicidade in vitro marcou a segunda etapa do estudo. Para tanto, foi
utilizado um protocolo de citotoxicidade aguda em PBMCs humanos baseado na
reducdo da resazurina. As amostras de BG evidenciaram viabilidade
significativamente igual ao basal em concentracdes superiores a 0,31%, ao
contrario do BGAg que obteve resultado similar com aliquotas de 0,0004%. Esses
resultados sugerem cautela na utilizacdo da prata em biomateriais com exposi¢cao

direta a tecidos vascularizados.

Uma vez determinada a concentracdo subtoxica dos vidros bioativos, o
projeto de pesquisa prosseguiu com avaliacdo imunomoduladora das amostras, o
gue consistiu na terceira etapa do estudo. Apesar das amostras BG e BGAg nas
concentracbes empregadas nao alterarem o perfil de producdo das citocinas e
ROS mensuradas, tais etapas sdo cruciais para determinacéo in vitro da resposta
imune inata e adaptativa frente ao biomaterial, uma vez em que 0os componentes
utilizados tém potencial para desencadear tais eventos. Essas elucida¢des séo
importantes para o aumento da capacidade em identificar, predizer e controlar
respostas imunolégicas a biomateriais implantados. Assim, a observacdo e o
entendimento da imunogénicidade dos vidros bioativos permite o aprimoramento

da sua biocompatibilidade em seu mais alto conceito.

Ainda fazem-se necessarios estudos para determinacdo do mecanismo de
liberacdo de prata, bem como os fatores que a modificam. Dessa forma, sera
possivel manipular os vidros bioativos para que a liberacdo de prata siga um
modelo heterogéneo de acordo com a taxa de liberagdo desejada em

determinada terapéutica.
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4. CONCLUSAO

Os vidros bioativos dopados com prata, no presente estudo, foram produzidos
com sucesso pelo método sol-gel. As imagens do SEM mostraram particulas
micrométricas com superficie irregular e porosa. Os padrbes de XRD das
amostras investigadas mostraram cristalizacdo incipiente do fosfato tricalcico
(TCP). Este resultado sugere que a incorporacdo de prata para as amostras
investigadas ndo comprometeu a sua bioatividade. Nas curvas do RAMAN-SERS,
foi observada a presenca de grupos Si-O-Si em todas as amostras, 0 que
demonstra a conservacao da estrutura do vidro, mesmo com a adicdo de prata.
No que se refere a citotoxicidade contra PBMCs, o BGAg evidenciou maior
citotoxicidade, quando comparado ao BG. As doses subtdxicas em PBMCs nédo
influenciaram significativamente a viabilidade dos PMNs. As amostras de vidro
bioativo influenciaram na liberacdo das citocinas estudadas. Ainda se faz
necessario a analise do comportamento de liberagdo de prata e o
desenvolvimento de mecanismos de liberagdo de ions conforme a dose

necessaria.
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